Introduction
============

Cytokine signaling mediated by the JAK-STAT pathway plays essential roles in differentiation, maturation, proliferation and apoptosis of a various types of cells, which are involved in initiation and development of cancer. It is well known that a large number of cytokines, growth factors, and hormonal factors activate JAK-STAT pathway proteins. The CIS/suppressor of cytokine signaling (SOCS) proteins are inhibitors of activation of the JAK-STAT pathway.[@R1]^,^[@R2] To date, there are over the 900 publications regarding the relationship between the SOCS family and cancer ([Fig. 1A](#F1){ref-type="fig"}). In particular, SOCS1 and SOCS3 are potent inhibitors of this pathway and have been extensively investigated using patient samples and gene-targeted mice. These studies have demonstrated critical roles of SOCS1 and SOCS3 in various malignant processes, such as in inflammation and cancer[@R3]^-^[@R10] ([Fig. 1B and C](#F1){ref-type="fig"}).

![**Figure 1.** SOCS1 and SOCS3 are critical molecules in the development of cancers. (**A**) Each bar indicates percentage of publications on each SOCS member by PubMed search. 100 × (each SOCS)/(SOCS1--7). (**B**) Each bar indicates percentage of publications of SOCS1 and SOCS3 expression for a variety of cancers. (**C**) Summary of mice and clinical studies that have examined the expression of SOCS1 and SOCS3, and their underlying mechanisms. Abbreviations: AOM, azoxymethane; DSS, dextran sodium sulfate; DMN, dimethylnitrosamine.](jkst-2-e24053-g1){#F1}

Cancer results from the outgrowth of a clonal population of cells. The carcinogenesis can be characterized in a number of ways.[@R11] Cancer development requires the acquisition of 6 essential alterations in cell physiology: (1) self-sufficiency in growth signals, (2) insensitivity to anti-proliferative signals, (3) the ability to evade apoptosis, (4) limitless replicative potential, (5) sustained angiogenesis, and (6) tissue invasion and metastasis. Cancer also displays a stepwise development, which is grouped into 3 phases: initiation, promotion, and progression.[@R12] Although STATs are profoundly associated with these alterations and steps, mutation of STATs is rare. Thus, dysregulation of SOCS family proteins could be one of the mechanisms of abnormal STAT activation. In addition, SOCSs are shown to be involved in viral replication, which can be associated with virus-mediated tumorigenesis. This review focuses mainly on the underlying mechanisms of carcinogenesis related to the JAK-STAT-SOCS pathway, and the pathway's potential therapeutic applications.

The Mechanism of SOCS-Mediated Regulation
=========================================

Cytokines play essential roles in the development, differentiation, and apoptosis in a variety of cells. Activation of the JAK-STAT pathway is integral to cytokine and hormone function such as interleukin (IL)-6, IL-11, interferon (IFN)-α, granulocyte colony-stimulating factor (G-CSF), leukemia inhibitory factor (LIF), leptin, and prolactin. Cytokine binding to its cognate receptor induces receptor dimerization and activation of Janus protein kinases (JAK), which are constitutively associated with the cytoplasmic chain of the receptor. Once activated, JAK cross-phosphorylate each other and specific tyrosine residues on the cytoplasmic domain of the receptor. Phosphorylated tyrosine residues act as docking sites for downstream transcription factors, such as members of the signal transduction and activators of transcription (STAT) family. Activated STAT dimers then translocate to the nucleus where they bind target IFN-γ-activated (GAS)-like elements, leading to the transcriptional activation of multiple genes.[@R13]^,^[@R14]

The suppressor of cytokine signaling (SOCS) family of proteins are classical negative feedback regulators of the JAK-STAT signaling pathway.[@R14] The mammalian SOCS family consists of 8 members, which include CIS (cytokine-induced SH2 containing protein) and SOCS1 to SOCS7.[@R15] There are 4 possible steps that SOCS proteins inhibit cytokine signaling: (1) block STATs recruitment to the cytokine receptor by masking STAT binding sites of the receptor, (2) target proteins for proteosomal degradation via ubiquitination (3) bind to JAKs and inhibiting their kinase, or (4) target JAKs for degradation via the proteasome.[@R16] The 8 members of the CIS/SOCS family are characterized by their N-terminal region with variable length and limited homology, a central SH2 domain, and a conserved SOCS box at the C-terminus ([Fig. 2A](#F2){ref-type="fig"}). Functionally, SOCS1 has been shown to directly bind to Jak2 and inhibit its catalytic activity, while SOCS3 binds with high affinity to glycoprotein 130 (gp130)-related receptors, including phosphotyrosine (pY)757 of gp130, the pY800 residue of IL-12 receptor β2, and the pY985 residue of leptin receptor (ObR).[@R17]^,^[@R18] The SOCS box interacts with elongin B and elongin C, cullin 5, and the RING-finger-domain-only protein RBX2 (which recruits E2 ubiquitin--transferase) ([Fig. 2B](#F2){ref-type="fig"}).[@R16] CIS/SOCS family proteins, as well as other SOCS-box-containing molecules, probably function as E2 ubiquitin ligases. Since SOCS molecules bind to several tyrosine-phosphorylated proteins, including Mal (toll-like receptor signaling) and IRS1/2 (insulin signaling),[@R16] those targets may also be ubiquitinated by SOCS.

![**Figure 2.** The structure and function of SOCS proteins. (**A**) The SOCS family consists of eight family members. All eight members share a central SH2 domain, extended SH2 domain (ESS), and a C-terminal SOCS box. In addition, SOCS1 and SOCS3 possess a kinase inhibitory region (KIR) that serves as a pseudo-substrate for JAKs, blocking JAK function. Only SOCS1 contains NLS. (**B**) A diagram of the extended interactions of SOCS with target proteins. The SOCS box interacts with several ubiquitinating machinery enzymes i.e., Elongin B, Elongin C, Cullin-5 (Cul5), and Ring-box 2 (Rbx2), and an E2 ubiquitin transferase. (**C**) New model of the inhibition of JAKs by SOCS3. This figure is modified from reference [@R23].](jkst-2-e24053-g2){#F2}

KIR of SOCS1 and SOCS3
======================

Among the CIS/SOCS members, SOCS1 and SOCS3 have a unique KIR domain, which is essential for suppression of the JAK tyrosine kinase activity.[@R19] KIR has been proposed to function as a pseudosubstrate. It is not clear how SOCS3 inhibits JAK kinase after binding to gp130, despite a low affinity of KIR peptide to JH1. Because the whole SOCS molecule can bind to JH1 with high affinity, we proposed that SOCS3 binds to the receptors first, then moves to the kinase domain by interacting with the phosphorylated activation loop though the SH2 domain, and then KIR interacts with the catalytic pocket.[@R2] A similar mechanism has been proposed for SOCS1; it binds to the IFNγ receptor (IFNGR1) first, then binds to JAK2 and inhibits kinase activity.[@R20]^,^[@R21] However, recently, Babon et al. showed a new mechanism, in which KIR binds to the surface of JH1, rather than to the catalytic pocket, and induces s conformational change of JH to inhibit phosphate transfer from ATP to the substrate peptide.[@R22] Importantly, JAK1, JAK2, and Tyk2, but not JAK3, possess an evolutionarily conserved motif unique to JAKs, a GQM motif in the JAK insertion loop. SOCS3 binds and directly inhibits the catalytic domains of JAK1, JAK2, and TYK2, but not JAK3. The gp130 phosphopeptide induces a conformational change of SOCS3 so that SOCS3 can bind to the surface of the JH1 kinase domain, including the GQM motif. Kinetic experiments showed that SOCS3 is a non-competitive inhibitor of JAK2-JH1, and SOCS3 specifically inhibits the ability of JH1 to transfer phosphate to tyrosine but does not inhibit its ability to hydrolyze ATP, thus increasing the transfer of phosphate to water[@R22] ([Fig. 2C](#F2){ref-type="fig"}). It remains to be elucidated whether SOCS1 inhibits JAK kinase by the same strategy.[@R23]

Function of SOCS Proteins for Signaling Other than Cytokines: TLR Signaling and Nuclear Function
================================================================================================

In addition to the JAK-STAT signaling pathway, SOCS proteins, in particular SOCS1 and SOCS3, inhibit TLR signaling through MAL (myeloid differentiation primary-response gene 88 \[MyD88\]-adaptor-like protein), TNF receptor-associated factor (TRAF) 3 and 6, and the downstream target, NFκB.[@R2]^,^[@R24]^,^[@R25] TAM (Tyro3/Ax/Mer) receptor signaling inhibits TLR-induced cytokine receptor signaling, which is induced by SOCS1 and SOCS3.[@R25] SOCS1 has been shown to bind and inhibit molecules in the TLR signaling pathway, including IRAK and the p65 subunit of NFκB[@R26] and tyrosine phosphorylated MAL.[@R24] SOCS3 inhibits the activation of TRAF3 and TRAF6[@R25]^,^[@R27] and transforming growth factor-β (TGFβ)-activated kinase 1 (TAK1), both of which are crucial for TLR- and IL-1-induced responses.[@R27] However, there are conflicting reports that indicate a minimal effect of SOCS3 on TLR responses.[@R28]

Accumulating evidences shed light on the role of SOCS1 in the nuclear function beyond inhibition of IFN signaling. Termination of NFκB signaling is also observed in the absence of IκB. As a possible mechanism, Strebovsky et al. demonstrated that SOCS1 limits the duration of NFκB signaling by decreasing p65 stability in the cell nucleus.[@R29] Although SOCS1 and SOCS3 share the same principal structure,[@R17] only SOCS1 has a hitherto unknown nuclear localization sequence (NLS) located between the SH2 domain and SOCS box.[@R30] These findings indicate that the SOCS1 can act from the vicinity of the receptor at the cell surface membrane to inhibit nuclear NFκB activity. In addition, SOCS1 can contribute to p53 phosphorylation and its activation, resulting in promotion of the p53-dependent process in the oncogene-induced cell.[@R31]

SOCS in Tumors
==============

The correlation between inflammation and cancer is related to two pathways: an extrinsic pathway, which is driven by inflammation that increases cancer risk and an intrinsic pathway, which is driven by genetic alterations that cause inflammation and neoplasia. STATs and NFκB are key coordinators of innate immunity and inflammation and are executors of tumor promoters[@R32]. Thus, SOCS is involved in tumor development by regulating STATs. Lesina et al. reported that IL-6 trans-signaling-dependent activation of STAT3/SOCS3 is required to promote progression of pancreatic intraepithelial neoplasias (PanINs) and pancreatic ductal adenocarcinoma (PDAC) that carry the Kras (G12D) mutaion.[@R33] The myeloid compartment induces STAT3 activation in tumor cells by secreting IL-6, essential in PanIN progression and PDAC development. Aberrant activation of STAT3, through homozygous deletion of SOCS3 in the pancreas, accelerates PanIN progression and PDAC development. This is a typical example of inflammatory cells-tumor interaction thorough the tumor-promoting cytokine, IL-6. However, these functions in tumor cells are highly dependent on tumor types and cell types.

Expression of SOCS in human tumors
----------------------------------

Decreased SOCS1 expression is observed in various cancers, including prostate cancer, HCCs, laryngeal carcinoma, multiple myeloma, acute myeloid leukemia, and pancreatic cancer and lymphoma.[@R34]^,^[@R35] In prostate cancer, reduced SOCS1 expression is detected after androgen ablation and is elevated in recurrent patients.[@R36] Thus, SOCS1 expression is affected by the tumor microenvironment, such as cytokines and hormone. On the other hand, higher expression of SOCS1 mRNA is associated with earlier tumor stages and better clinical outcomes in breast cancer.[@R37] SOCS1 expression is higher in IFN-resistant tumor cells[@R38] and siRNA inhibition of SOCS1 expression enhances the IFN-responsiveness,[@R39] suggesting that SOCS1 overexpression is associated with disease progression. Although these discrepancies regarding SOCS1 expression in different cancers remains unknown, the higher level of SOCS1 expression is due to the onset of inflammatory responses; for example, in breast tumor tissues that are associated with inflammatory stroma cells, but not in breast cancer cell lines, may be caused by induction of SOCS1 expression by inflammatory cytokines, growth hormone, and prolactin in the tumor microenvironment[@R40]

Persistent STAT3 activation is observed in many cancer cells, including head and neck cancer,[@R41] colorectal cancer, HCCs,[@R42] prostate cancer, renal cell carcinoma, ovary cancer,[@R43] breast cancer, and leukemia.[@R44] Reduced SOCS3 expression levels are detected in cancerous lesions infected with HCV compared with non-cancerous legions.[@R6] Hyperactivation of STAT3 by reduced SOCS3 expression may contribute to malignancies and carcinogenesis by inducing multiple tumor-promoting genes.[@R5] Remission of SOCS3 expression causes constitutive STAT3 activation,[@R32] which is considered to be important for linkage between inflammation and cancer.

Silencing of *SOCS1* was frequently observed even in pre-malignant HCV-infected patients.[@R8] Liver injury is associated with hyperactivation of STAT1 and reduced activation of STAT3.[@R6] Therefore, reduced expression of SOCS1 might enhance tissue injury and inflammation by hyperactivation of STAT1, promoting the turnover of epithelial cells and enhancing their susceptibility to oncogenesis. SOCS1 is important in the inhibition of inflammation-associated tumor development, which is supported by the recent finding that in mice with *Socs1* deletion in any type of cells, except T and B cells in mice, led to chronic colitis and colon tumors.[@R7] This study strongly suggests that the chronic activation of the IFN-γ--STAT1 pathway that occurs in the absence of SOCS1 causes colitis-induced colon tumors. Therefore, SOCS1 is a unique anti-oncogene that prevents carcinogenesis by suppressing chronic inflammation.

SOCS3 might also be involved in the development and progression of malignancies. Unlike SOCS1, SOCS3 expression levels were high in HCV-infected non-tumor areas of patients with HCV.[@R6] Huang et al. also reported that the levels of SOCS3 are elevated in patients infected with HCV, as well as in chimpanzee models,[@R93] suggesting that the activation of SOCS3 contributes to the defective hepatic response to IFN-γ in the HCV-infected liver. However, reduced expression of SOCS3 has been observed in various human cancers and is associated with constitutive STAT3 activation. Indeed, the levels of SOCS3 were inversely correlated with STAT3 activation in regions of human livers with and without HCC. The mechanism behind this observation is more easily explicable than that of SOCS1, because numerous studies have shown that hyperactivation of STAT3 can contribute to tumorigenesis by inducing multiple tumor-promoting genes.

Mutation, methylation, and SNPs
-------------------------------

Möller's group identified a deletion mutation in the SOCS1 gene in a major subset of primary mediastinal B-cell lymphomas (PMBL) and in the PMBL line MedB-1, and a biallelic SOCS1 deletion in PMBL line, Karpas1106P. SOCS1 deletion resulted in retarded JAK2 degradation and sustained pY-JAK2 action, leading to enhanced DNA binding of pY-STAT5. These findings support the concept that when defective, tumor suppressor gene SOCS1 triggers an oncogenic pathway operative in both lymphomas.[@R45] Epigenetic inactivation of SOCS1 has also been found in cells from MDS patients carrying the JAK2 (Val617Phe) mutation.[@R46]

Decreased SOCS1 gene expression could be a mechanism involved in promoter hypermethylation. The hypermethylation of the SOCS1 promoter is detected in various cancers, including about 50% of hepatoblastoma,[@R47] hepatocellular carcinoma, pancreatic cancers,[@R32]^,^[@R35] more than 50% of melanoma,[@R48] acute myeloid leukemia, multiple myeloma, and less than 50% of ovarian cancer, gastric cancer and breast cancer.[@R35]^,^[@R49] DNA hypermethylation of SOCS1 is also frequently found in certain types of lymphomas and myelodysplastic syndrome (MDS), which may result in enhanced JAK2 activity that promotes cell proliferation.[@R50]^,^[@R51] In these cases, the silencing of *SOCS1* leads to the dysregulation of JAK-STAT signal transduction and therefore, contributes to growth factor hypersensitivity. On the other hand, the expression of SOCS1 in breast cancer tissue has been reported to be higher than that in corresponding normal tissue.[@R40] In melanoma cells, higher levels of SOCS1 are observed than in their normal cells.[@R52] This evidence shows the need to identify the relationship between SOCS1 methylation and other genes that show clinical characteristics in cancer, although SOCS1 hypermethylation is common in carcinogenesis. Recently, CpG island methylator phenotype (CIMP) analysis has been considered to have more clinical value as a biomarker than a single gene methylation to detect and assess cancers.[@R53] The combination analysis between SOCS1 hypermethylation and other gene markers, such as P16 (cyclin-dependent kinase 4 inhibitor), CDH1 (E-cadherin), and GSTP1 (glutathione S-transferase P), which have been demonstrated to frequently be methylated in various malignancies, has been performed to further define the prognostic value of SOCS1 in various tumors.[@R54] This approach with its high sensitivity and specificity, will help identify good biomarkers of cancers.

SOCS3 has also been considered a tumor suppressor that is found in downregulation. Hypermethylation of the SOCS3 promoter is mostly found in 90% of head and neck cancer,[@R55]^,^[@R56] followed by lung cancer,[@R57] prostate cancer,[@R58] Barrett esophagus carcinoma[@R59] and ulcerative colitis-related colorectal cancer.[@R60]^,^[@R61] These reports suggest that methylation-induced inactivation of the SOCS3 gene may be an early event in these cancers. However, melanoma cells constitutively express high levels of SOCS3, indicative of a tumor-protecting function.[@R62] In breast cancer, decreased SOCS3 was not correlated with progression of lymph node metastasis,[@R63] although SOCS1, SOCS3, and CIS were expressed at higher levels in carcinoma than normal mammary cells.[@R64]^,^[@R65] Thus, the relationship among hypermethylation of SOCS1 and SOCS3 genes, real mRNA levels, and importantly, protein levels should be clarified in tumor cells.

A single nucleotide polymorphism (SNP), which is a variation at a single site in DNA, is the most frequent type of genomic variation. Tumor suppressor genes prevent tumor from development; however, one mutated or dysfunctional copy of a tumor suppressor gene can result in tumor development. Several genomic SNPs, within the locus of SOCS1 and/or STAT1, are associated with leukemia[@R66] and colorectal cancer.[@R67] SOCS1 mutations have been found in human lymphomas.[@R34] In contrast, SNPs in SOCS3 have not been detected so far,[@R68] although STAT3 SNPs are observed in cancer tissues.[@R69] SNPs analysis is a new and valuable technique but still needs validation from additional independent studies before it can be used as a cancer detection strategies.

Mechanism of tumorigenesis by SOCS1 and SOCS3 deletion
------------------------------------------------------

In mouse models, SOCS1 and SOCS3 deletions in tumor cells are usually associated with hyperactivation of STAT1 and STAT3. STAT1 is widely considered a tumor suppressor, due to its ability to modulate apoptosis in a transcriptional mechanism-dependent or -independent mechanism. SOCS1^−/−^ mice develop spontaneous colorectal cancer,[@R7] the development of which is strongly dependent on the IFNγ-STAT1 pathway. We suspect that NOS and PGE2 are highly upregulated by SOCS1 deficiency and that STAT1 hyperactivation is involved in tumorigenesis.

STAT3 is considered to be cell cycle-promoting and anti-apoptosis. Potential target genes of STAT3 are cell survival genes, including Bcl-2 and Bcl-xL, and cell cycle regulators, such as cyclin D1, cyclin E1, and p21. Transcription factors c-myc, c-jun, and c-fos are also STAT3 targets.[@R70] In angiogenesis, VEGF is a target of STAT3, and TGF-β contributes to tumor angiogenesis and fibrosis.[@R71] TIMP-1, which inhibits matrix metalloproteinases and (MMPs), that are possibly involved in tissue remodeling, is another important target of STAT3.[@R72] STAT3 may be involved in suppression of p53 expression[@R73] and p21, a p53 target gene.[@R74]

Cancer cells display upregulation of growth and survival pathway, which are regulated by autocrine production of growth and survival factors. Very recently, by generating mice with SOCS3 deletion in gastrointestinal epithelial cell (T3b-SOCS3 cKO mice), we demonstrated that aberrant leptin signaling, which is transduced by the JAK-STAT pathway, causes gastric cancer.[@R3] The leptin receptor (ObR) is considerably similar to gp130, and its signaling is transduced by JAK2-STAT3 and inhibited by SOCS3.[@R18] T3b-SOCS3 cKO mice may have a more severe tumor phenotype (100% mortality within 6 mo of birth) than gp130^Y757F^ mice.[@R75] We presume that since leptin signaling is suppressed by SOCS3 in gp130^Y757F^ mice, which have a mutated form of gp130 that cannot bind to SOCS3, abrogated SHP-2-ERK, and enhancement of the STAT3 pathway, neither gp130 nor ObR signaling is inhibited in T3b-SOCS3 cKO mice. Because cancer may be a stem cell-based disease and upregulation of leptin signaling is seen in cancerous tissues, such as stomach and mammary, our study can shed light on the mechanism of initiation of carcinogenesis mediated by leptin-SOCS3 signaling. It has been reported that tumor-initiating stem cells potently express ObR, thereby promoting tumorigenesis by STAT3 activation and inducing pluripotency-associated transcription factors, such as oct4 and sox2,[@R76] suggesting that leptin is strongly involved in initiation of tumorigenesis. Leptin has been shown to act in stage of tumor progression but not in tumor initiation in variety tumor model such as colorectal[@R77] and breast cancer.[@R78] These evidences may implicate that leptin actively affects both steps of tumor initiation and progression through STAT3 activation, although further studies are necessary to prove this hypothesis. In regard to the bowels, intestinal EC-specific SOCS3-deficient mice (villin-SOCS3 cKO mice) do not show any spontaneous phenotype, despite STAT3 being activated.[@R79] The factors that determine tissue-specific effects of SOCS3 deficiency on oncogenesis remain an open question.

SOCS-Mediated Interplay between Inflammation and Cancer
=======================================================

SOCS and inflammation-associated cancer
---------------------------------------

In 1863, Rudolf Virchow identified the presence of leukocytes presence within cancerous tissue. This finding provides the first connection between inflammation and cancer.[@R80] Presently, infections and inflammatory responses are linked to an estimated 15--20% of all deaths from cancer worldwide. Triggers of chronic inflammation, which are a risk factor of carcinogenesis, include three categories: (1) microbial infections, such as *Helicobacter pylori* and hepatitis C virus, which are associated with gastric cancer and hepatocellular carcinomas (HCCs), respectively,[@R81]^,^[@R82] (2) autoimmune diseases, such as inflammatory bowel diseases, which is associated with colon cancer, and (3) inflammation of an unknown origin, such as prostasis, which is associated with prostate cancer.[@R83] Villin-SOCS3 cKO mice are susceptible to challenge with azoxymethane (AOM) plus dextran sodium sulfate (DSS) to develop colonic tumor,[@R79] although these mice show no phenotype without the challenge; conversely, villin-STAT3 KO mice are resistant to the challenge.[@R84] These evidences clearly indicate that STAT3-dependent inflammation triggered tumor promotion. Gastric cancer and colorectal cancer are caused by persistent inflammatory responses in tissue mucosa. Furthermore, treatment with nonsteroidal anti-inflammatory agents reduces incidence and mortality significantly in various cancers, including prostate, breast, and colon.[@R85] Thus, these studies highlight the links between inflammation and cancer and suggest that the immune factors that promote oncogenesis may represent viable therapeutic targets.

A series of studies using gp130^Y757F^ mutant mice provided the critical mechanism of involvement of gp130 in the development of inflammation-associated gastric cancer, due to IL-11-driven activation of STAT1 and STAT3.[@R86] In humans, 60% of inflammatory hepatocellular adenomas are associated with in-frame somatic mutations in gp130.[@R87] In addition to aberrant SOCS3 expression, the loss of SOCS3 function, such as that resulting from a gp130 mutation, is important for understanding inflammation-associated cancer.

SOCS mediates cancer-associated inflammation
--------------------------------------------

As described above, in some types of cancer, inflammation precedes malignant changes. On the other hand, oncogene-driven signals activate intrinsic pro-inflammatory pathways, resulting in an inflammatory microenvironment that further promotes cancer development.[@R88]^,^[@R89] Growing tumors can disrupt epithelial barrier function, the tissue architecture, and the extracellular matrix. These processes may stimulate steps of tissue repair, including the recruitment of inflammatory cells. These responses lead to tumor growth itself, promoting a positive feedback loop of tumorigenesis.

A recent report indicates that STAT3 activation correlates with TLR2 upregulation, which is necessary to promote gastric tumorigenesis.[@R90] gp130^Y757F^ mice, in which the mutated gp130 cannot bind to SOCS3, spontaneously develop gastric tumors. However, gp130^Y757F^ mice that lack TLR2 (gp130^Y757F^: TLR2^™/™^) show improved gastric lesions compared with gp130^Y757F^ mice, even with no difference in inflammatory observation between these mice. The expression status and causal role of TLRs in human gastric cancer remain unclear, although TLR2 and TLR4 gene polymorphisms are associated with an increased risk for developing gastric cancer.[@R91]^,^[@R92] Thus, TLR is an important additional factor in inflammation-associated carcinogenesis. T3b-SOCS3 cKO mice, which show aberrant activation of leptin signaling and gp130, exhibit gastric cancer with no inflammatory response during the initiation step of carcinogenesis, whereas gastritis precedes tumor formation in gp130^Y757F^ mice.[@R75] This evidence indicates that additive factor, such as TLR and hormone signaling, are necessary for STAT3-driven carcinogenesis .

Role of SOCS in tumor-associated macrophages and dendritic cells
----------------------------------------------------------------

As the most potent antigen presenting cells (APCs) in vivo, dendritic cells (DCs) induce innate and adaptive immunity and are considered as targets in anti-tumor immunity.[@R94]^,^[@R95] Immunization with SOCS1^−/−^ DCs induces a hyper Th1 immune responses, lupus-like autoimmune disease, and anti-tumor activities.[@R96] Another APC, macrophages (Mϕ) are also the effector cells in anti-tumor immunity,[@R10] in addition to playing a similar role as DCs. This evidence suggests that SOCS1 is a constitutive antigen presentation repressor in APCs and a critical switch in Mϕ balance. Gr1^+^CD11^+^ myeloid-derived suppressor cells reportedly play a role in suppressing anti-tumor immunity in tumors and promote tumor growth.[@R97] Expansion of these cells is accelerated by phosphorylated STAT3.[@R98] Conventional Mϕ do not show such activities. It may be critical in the treatment of cancer to regulate the balance between both immunity for suppression of cancer promotion and activation of anticancer molecules.

Mϕ are activated by various environmental factors and develop polarized functions: classically activated Mϕ (M1) eliminate pathogens but can cause tissue injury and alternatively activated (M2) Mϕ, which promote healing and repair. Recent work demonstrates that M2 Mϕ show a selective and IL-4-dependent upregulation of SOCS1 but not SOCS3.[@R99] SOCS3 in macrophages may regulate Mϕ polarization. Mϕ in which SOCS3 was knocked down by short interfering RNA (siRNA) prevented M1 Mϕ activation, suggesting that SOCS3 is necessary for M1 Mϕ.[@R57] Wang et al. reported that forced activation of Notch signaling in Mϕ enhanced M1 polarization and their anti-tumor capacity through SOCS3 induction.[@R100] Mϕ-specific SOCS3-cKO mice exhibited resistance to the tumor transplantation model because of reduced tumor-promoting cytokines, such as TNFα and IL-6, and enhanced production of the anti-tumorigenic chemokine MCP2/CCL8.[@R101] Recently, Spence et al. reported[@R102] that SOCS3 deficiency in macrophages skewed M2-like polarization, while SOCS1-decificency induced M1-like phenotypes. Interestingly, in the LPS response, enhanced regulatory T (Treg) cell recruitment was observed in SOCS3-deficient Mϕ, whereas Treg cell recruitment was absent in the absence of SOCS3. The authors of the study suggested that SOCS3 in Mϕ suppressed M2 by inhibiting IL-4- and IL-12-induced STAT6 phosphorylation. SOCS, therefore, are essential controllers of macrophage polarization, regulating inflammatory responses.

Therapeutic Implications
========================

The use of SOCS proteins to suppress cytokine signaling could be a useful therapy for the treatment of cancer. There are several approaches. One approach is the overexpression of SOCS proteins to inhibit tumor growth by suppressing tumor-promoting STATs. The second method is enhancing anti-tumor immunity by silencing of SOCS in dendritic cells or CTLs.[@R35]

We showed that overexpression of SOCS1 can induce apoptosis of leukemic cells constitutively expressing activated JAK2.[@R16] Adenovirus-mediated overexpression of SOCS1 can prevent HPV-related cells transformation by inducing degradation of the E7 oncoprotein.[@R9] SOCS1 overexpression inhibits in vitro and in vivo expansion of human melanoma cells, and SOCS1 associates specifically with Cdh1, triggering its degradation by the proteasome.[@R103] Enforced expression of SOCS1 leads to be resistant to transformation due to oncogenic induction.[@R104] SOCS3 overexpression also inhibits growth of non-small lung cancer cells.[@R105] SOCS3 overexpression by adenoviral transfer enhanced the radio-sensitivity of treated non-small lung cancer cells. Infection of cells with oncolytic adenovirus CN305 (AdCN305)-SOCS3 and AdCN305-cell-penetrating peptides-SOCS3 (membrane permeable SOCS3) resulted in dramatic cytotoxicity of liver tumor cells. However, no cytotoxic effect was observed in normal cells infected with these vectors. Infection of liver tumor cells with AdCN305-SOCS3 and AdCN305-cpp-SOCS3 resulted in nearly complete inhibition of STAT3 phosphorylation and downregulation of cyclin D1 and Bcl-xL. This study suggests that transfer of SOCS3 by an oncolytic adenovirus represents a potent approach for cancer therapy.[@R106] SOCS3 overexpression suppressed growth of malignant fibrous histiocytoma cell lines by inhibiting STAT3 and IL-6 production. In addition, this study raised the possibility that small molecule inhibitors of JAK-STAT could be therapeutic for IL-6 producing tumors.[@R107] The tyrosine kinase inhibitor peptide, Tkip, was developed as a mimetic of SOCS proteins and effectively inhibits JAK2-mediated phosphorylation of STAT1: this peptide inhibited proliferation of prostate cancer cell lines, in which STAT3 is constitutively activated.[@R108] Upregulation of SOCS3 by some reagents may also be therapeutic. Recently, platelet factor-4 was found to induce SOCS3, thereby suppressing STAT3 activation, angiogenesis, and growth and inducing apoptosis of myeloma cells.[@R109]

Downregulation of SOCS gene expression by siRNA or by the expression of dominant-negative SOCS proteins to enhance cytokine signaling may be useful for enhancing anti-tumor immunity. The treatment of DCs with *SOCS1* siRNA significantly enhanced the ability of DC-based tumor vaccines to break self-tolerance and to induce effective anti-tumor immunity.[@R35]^,^[@R110]^,^[@R111] We have shown that adoptive transfer of SOCS1-deficient T cells strongly regressed transplanted tumor cells (Takahashi and Yoshimura, unpublished data).

All these studies are encouraging for the clinical application of novel therapeutic approaches to mimic or modulate expression and function of SOCS proteins ([Fig. 3](#F3){ref-type="fig"}).

![**Figure 3.** Types and relationships between inflammation and cancer. Chronic inflammation by infections, autoimmune disease, and prolonged exposure to environmental factors precedes tumor development and can contribute to induce oncogenic mutations, genomic instability, early tumor promotion, and enhanced angiogenesis. Tumor-associated inflammation amplifies cancer development. Cancer therapy can also trigger an inflammatory response by causing trauma, necrosis, and tissue injury that stimulate tumor re-emergence and resistance to therapy. However, in some cases, therapy-induced inflammation can enhance antigen presentation, leading to immunomediated tumor eradication, in which SOCS1 plays a role through enhancement of anti-tumor immunity.](jkst-2-e24053-g3){#F3}

Concluding Remarks
==================

Over the past decade, following the discovery of the SOCS protein family, we have extended our understanding of the structure and function of SOCS proteins. Regarding cancer development, SOCS1 and SOCS3 are tightly linked to cancer cell proliferation, as well as cancer-associated inflammation. In most cases, SOCS1 and SOCS3 silencing promoted carcinogenesis at various stages; thus, overexpression of SOCS1 and SOCS3 or SOCS-mimetics can be a therapuetic treatment. However, SOCS1 in DCs and likely T cells suppresses anti-tumor immunity; therefore, silencing SOCS1 in these cells could be therapeutic. Development of SOCS, based on structural analysis of the JAK/SOCS complex, is highly desirable.
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